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ABSTRACT

Utilization of coal fine agglamerates in the presence of limestone offers an
advantage of in-situ sulfur fixation in the agglamerates during combustion and/or
gasification to minimize the emission of SO, into the atmosphere. An experiment is
carried out to study the kinetlics of sulfur fixation in the coal fine-limestone ag-
glamerates in air stream at temperature ranges of 500°- 900°C using a fixed bed re-
actor. Seventy percent of total sulfur reaction in the agglomerates can be achieved
with Ca/S mole ratio of 3. The rate of sulfur fixation, in terms of total sulfur
and sulfate sulfur retained, in the coal fine agglamerates can be represented by a
coupled diffusion and zone reaction model. The activation energy of the overall
sulfur fixation reaction is found to be 4 ~ 7 Kcal/mole.

INTRODUCTION

The most serious emnvirommental problems in coal mining regions are the coal
fine slurry impoundments. They not only present hazardous conditions to the local
camunities, but also restrict the use of land and water resources. Because of cur-
rent concern over the impending energy shortages and envirommental problems, the
coal fine wastes must be recovered from tailing impoundments and waste streams of
processing plants. This can be used to clean up the coal slurry impoundments and
avoid need for impoundments to protect our enviromment. A potentially attractive
method to recover and utilize these coal fines in producing clean energy with in—
situ sulfur fixation has been developed. The proposed flow sheet is depicted in
Fig. 1.(1) This process lncludes coal fine-limestone agglomeration and combustion
steps.

A mumber of publications have disclosed the effectiveness of applying sulfur
acceptor sorbents within sulfide ore pellets for im-situ sulfur fixation and used
as a hydrogen sulfide scavenger. (2,3) The sulfur dioxide was formed and adsorbed
by sorbent within the pellets as a hydrate ( CaSO,) during air roasting (~500°C).
The hydrate was insoluable in acids and the sulfur was retained in the pellets dur-
ing the subsequent acid leaching process. On the other hand, the hydrogen sulfide
was generated and accepted by sorbent within the pellets in H, or steam atmosphere
(600°- 800°C). The CaS in the pellets could be recovered as sulfur after the acid
leaching process. Lime (Ca((H),) was the only common sorbent that would adequately
control SO, or H,S evolution within the sulfide ore pellets during the roasting or
reduction processes. Approximatley 90 percent of sulfur could be converted to CaS
or (aSO, in the pellets in the presence of a stoichiometric amount of Ca(CH),.

The processes related to the in-situ sulfur fixation in the coal pellets in
the presence of limestone were reported by LaRosa and Michaels (4), Buttermore (5),
and Ban, et al. (6) Sixteen percent sulfur content of Illinois coal refuse was
mixed with limestone and carbonized in the N, atmosphere. Sixty-two percent of
sulfur converted to CaS ard FeS within the pellets was reported by laRosa, et al.
Buttemmore investigated the effect of variocus sorbents on the Chio raw coal and
West Virginia coal refuse for sulfur fixation in the pellets. The results showed
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that a 1007 sulfur retention efficiency in coal hydrated lime pellets and 93% in the
coal-limestone pellets at the 180% stoichiocmetric CaO could be achieved. A clean
pellet fuel process was developed by Ban, et al. Api)roximately 95% sulfur was re-

tained during carbonization and about 757 of original sulfur was retained in the
pellets in the presence of limestone with Ca/S mole ratio of 3 during cambustion.

No kinetic data on the in-situ sulfur fixation reaction in the coal fine-lime-
stone agglamerates has been reported. Therefore, it is the aim of this investiga-
tion to obtain rate data and to formulate the rate expressions for prediction and
interpretation of the phenomena. The information is important in process design and
operations. The mathematical model is also useful to apply in preparing the high
sulfur coal to generate the clean energy and in predicting the sulfur fixation by
calcium (as mineral matter in coal) in coal during the combustion and/or gasifica—
tion.

EXPERTMENTAL

The coal fines were collected from a 9 year old coal slurry impoundment. The
coal fine tailing contained 41.6% ash, 25.6% volatile matter, 1.62% total sulfur and
18,575 KJ/Kg (7,683 BTU/1b). The sulfur forms included 0.88% organic sulfur, 0.11
pyritic sulfur, and 0.63% sulfate sulfur. The low temperature ash analysis showed
there was 2.96% Ca0O content in the coal ash. The Greer limestone was used as a SO,
acceptor which contained 45.15% Ca0O. The coal fine tailing and limestone (Ca/S mole
ratio O - 4) in the size range of 140M x 200M (106 — 75um) were blended with 15%
water by wt. and balled in a glass tubing by hand. All experiments were performed
in a 26mm ID x 120mm L quartz tube which was used as a fixed bed reactor. The sche-
matic diagram of the experimental apparatus is shown in Fig. 2. In a typical experi-
mental run, the agglamerates (-1 g) were placed in a 60 mesh stainless steel sample
holder and loaded in the cooling zone, while the reactor was continuously purging
with air flow rate of 2 1/min, and maintained at a desired reaction temperature 5009
700° or 900°C). To start the experiment, the coal sample was slid into the hot zone
for cambustion. The sample was slid back to the cooling zone at predesigned cambus—
tion time, while the air stream was switched to N, gas. The weight loss of the ag-
glomerates were determined and sulfur forms of the agglamerates were analyzed by
ASTM standard methods.

KINETIC MODELING

In the coal fine-limestone agglamerates, the solid reactants are visulized as
being composed of a large mumber of spherical limestone particles and coal fine par—
ticles with the sulfur imbedded in the coal particles. In the overall agglamerate,
the agglamerate is porous, the gaseous reactant, 0,, diffuses easily through the
interstices between coal fine and limestone particles, and through the product layers
surrounding the solid reactant grains in the particles. The chemical reaction then
proceeds according to zone reaction model (7) in individual particles. The model is
schematically shown in Fig. 3. The sulfur fixation reactions in the coal fine-lime-
stone agglamerates involve the successive multiple solid-gas reactions. Three major
chemical reactions, which contribute to the sulfur fixation in the agglcmerates, can
be represented by the following reactions:

S (in coal) + 0, ~» S0, 1)
CaCO, ~ CaO + CO, 2)
SO, + Ca0 + %0, » CaSO, 3)

If the order of reactions, with respect to the individual reactant, are first order,
and the concentration of gaseous intermediate, SO,, is much less than that of gaseous
reactant O,, the rate of mass transport of SO, within the solid product layers will
become rate controlling. Therefore, application of a coupled diffusion and zone re-
action models can be used in describing the mass transfers in the particles and ag-
glomerates, and the successive multiple reactions for calcium sulfate formation. The
rate expressions are:
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The rate expressions can be mumerically analyzed by utilizing 4th order Runga-Kuta
method.

where
X, = the fractional conversion of total sulfur
X,p = the fractional conversion of total sulfur at steady state
X, = the fractional sulfur dioxide formed
X, = the fractional calcium sulfate formed
Xaq = the fractional calcium sulfate formed at steady state
X, = the fractional calcined limestone (Ca0) formed
A,B,C = the parameters related to the physical properties of given particles and

concentration of 0,
D, = a structural parameter includes the effective diffusivity of O, in ash
product layer in coal fine particles

D, = a structural parameter includes the effective diffusivity of SO, in the
product layer of limestone particles

K, = a kinetic parameter includes the rate constant of SO, formation

K. = a kinetic parameter includes the rate constant of calcium sulfate formation

RESULTS AND DISCUSSION

The effect of O,flowrate on the fulfur fixation rate was examined. The result
showed that if the air flow rate was above 1.8 1/min, there was no effect on the
rate of sulfur fixation. This indicates an negligible resistance to gas film
diffusion above the flowrate of 1.8 1/min. The internal mass transfer in the agglc—
merate was also examined by varying the agglamerate sizes. The experimental results
indicated that if the agglomerate size of less than 3/8-in. diameter were used, the
S0,- 0,~ Ca0 reaction could be studied in the absence of pore diffusion resistance
in the agglomerates. The reaction order for the SO, and limestone system was analyz-
ed by varying the amount of limestone addition. Seventy percent of sulfur retention
can be achieved at Ca/S mole ratio of 3 or higher. The correlation of initial
rate and the concentration of limestone showed that the reaction was first order
with respect to the concentration of limstone in the agglomerates. The calcination of
limestone in the agglomerate was described by a diffusion model. Assumed that the
calcination was controlled by the diffusion and the kinetic effect was. negligible.
Several coal fine agglomerates without limestone addition were also tested to deter—

mined the effect of Ca0 in the coal ash and the net effect of limestone addition on
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the rate of sulfur fixation. The representative results of these studies are shown
in Fig.4. The kinetic and structural parameters in the rate éxpressions were obtain-
ed for the given experimental conditions, and determined by trial and error as the
one that best fit the experimental data. The comperision of predicted and observed
values are depicted in Fig.5. Good agreement between predicted and obseved experimen—
tal data was obtained. Aslower Lnitial rate of sulfur fixation was noted, which
could attribute to the time required for calcination of limestone and evolution of SO,
from the surface of the agglomerates. An enhancement of the cambustion rate in the
preserce of limestone was also detected. Drastic changes in the structure of the
agglamerates can be predicted as temperature increase through the structure para-
meters in the kinetic models. The rate constant for the overall sulfur fixation ob-
tained from experimental data can be expressed as follows.

k; = 21.0667 Exp(-7,300/RT)  for 500-700 C 8)
K; = 3.5057 Exp(-3,860/R) for 7002900° C 9)
CONCLUSION

Kinetic studies are reported here on the in-situ sulfur fixation in the coal
fine-limestone agglamerates during cambustion. THe sulfur is first oxidized to form
SO, while limestone is calcined to form CaO, and the intermediate gasecus product,
S0, ,subsequently reacts with calcined limestone and oxygen to form calcium sulfate.
Diffusion is found to play an important role in sulfur fixation rate. The unusually
low activation energy found for the sulfur fixation reaction is thought to be
due to the time requirement for limestone calcination and emission of SO,fram the
surface of the agglomerates at initial stage. The sulfur fixation rate data have
been interprepted based on a coupled diffusion and zone-reaction model, and the
kinetic and structural parameters obtained for the temperature ranges of 500°- 900°C.
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FI1G.5 Comparison of the Calculsted Curves with Experimental Data for
the Sultur Fixation in the Coal Fine- Limestone Agglomerates

87

FRACTION OF NET SULFATE SULFUR RETENTION

FRACTION OF NET SULFATE SULFUR RETENTION



